Purpose -The recurrent embodied energy (REE) is the energy consumed in the maintenance, replacement and retrofit processes of a facility. The purpose of this paper was to analyze the relationship of REE with the service life and life cycle embodied energy. The amount of variation in the reported REE values is also determined and discussed. Design/methodology/approach -A qualitative approach that is known as the literature based discovery (LBD) was adopted. Existing literature was surveyed to gather case studies and to analyze the reported values of REE. Findings -The reported values of REE showed considerable variation across referred studies. It was also found that the reported REE values demonstrated a moderate positive correlation with the service life but a very strong positive correlation with the life cycle embodied energy of both the residential and commercial facilities. Research limitations/implications -This review paper pointed out the importance of the maintenance and replacement processes in reducing the life cycle energy use in a facility. Future research could focus on performing case studies to evaluate this relationship. Practical implications -The findings highlight the significance of REE in reducing the life cycle energy impacts of a facility. As facility managers routinely deal with maintenance and replacement processes, they hold an important responsibility of reducing the life cycle energy. Originality/value -The findings of the paper would motivate the facilities management professionals to prefer long service life materials and components during the postconstruction phases of a built facility.
Introduction
Built facilities consume nearly 40 percent of the global energy annually in their life cycle stages of construction, use, maintenance and demolition. This energy consumption occurs in either a primary (e.g. natural gas, oil etc.) or delivered energy (e.g. electricity) form (Fay and Treloar, 1998) . During the building material manufacture and building production processes, both the primary and delivered energy are used, which are collectively known as the initial embodied energy (Crowther, 1999) . The primary and delivered energy are also used during the use phase of a built facility in the processes of space conditioning, lighting and powering building appliances. This fraction of energy is known as the operational energy (Hegner, 2007) . Compared to the embodied energy, the operational energy constitutes a larger fraction of a facility's life cycle energy (Hegner, 2007) . However, recent research has indicated that with a growing number of energy efficient buildings, the fraction of embodied energy in a facility's total life cycle energy would increase (Plank, 2008) . Sartori and Hestnes (2007) determined that for a conventional building, the embodied energy accounted for 2-38 percent of the total life cycle energy; whereas, for a low energy building, this range was 9-46 percent.
Embodied energy can be categorized into three categories: initial, recurrent and demolition embodied energy (Cole and Wong, 1996; Cole and Kernan, 1996) . The total life cycle embodied energy (LCEE) is a summation of the initial embodied energy (IEE), recurrent embodied energy (REE) and demolition energy (DE) . The IEE is the amount of energy consumed when a built facility is constructed. The amount of energy used in processes of maintenance and replacement when the facility is occupied is known as REE. At the end of service life, when the facility is demolished, the amount of energy consumed in various processes of demolition, waste sorting and hauling is termed DE.
The recurrent life cycle embodied and operational energy depend on a facility's service life (Chen et al., 2001) . Moreover, individual building materials and components hold differing service lives that also affect the amount of recurrent embodied energy contained in a building (Cole, 1996; Chen et al., 2001; Chau et al., 2007; Winistorfer et al., 2005) . Literature (such as Chen et al., 2001; Scheuer et al., 2003; Chau et al., 2007) indicated that, the longer the service life of building components the lesser is the need to replace them, which eventually resulted in lower recurrent embodied energy. Some common building materials and components may not contain higher IEE but may hold higher REE due to the frequent replacement and maintenance requirements (Cole, 1996) .
Previous studies of embodied energy analysis and computation exhibited variations (up to 30-50 percent) in embodied energy results owing to numerous factors (Lenzen, 2000; Ding, 2004; Plank, 2008) . Studies also discussed the inaccuracy and incompleteness of existing embodied energy data related to buildings and building materials (Treloar, 1997; Lenzen, 2000; Pullen, 2000b) . These problems with energy data make the comparison of building materials and products difficult in embodied energy terms (Dixit et al., 2010) . According to Chau et al. (2007) , selection of building products on the basis of replacement requirements during the use phase is as important as during the design phase.
Facilities management practices strongly relate to a building's total embodied energy, as they involve decision-making regarding whether to renovate, retrofit or demolish an existing facility. Facilities management practices also include decisions such as selection of materials and products during the facility's maintenance and replacement processes (Treloar et al., 1999) , which also affect the amount of REE. The involvement of facilities management professionals during a facility's design and construction phase is also being emphasized (Erdener, 2003) . This paper reviews case studies from existing literature to investigate the relationship of the total REE of a built facility to its service life, life cycle embodied energy (LCEE) and total life cycle energy (LCE). In addition, the amount of variation that exists in the embodied energy results reported by the referred case studies is determined and discussed. The findings of this paper would motivate the facilities Recurrent embodied energy management professionals to prefer materials and components with a long service life and low embodied energy during the postconstruction phases of a built facility.
2. Review of literature 2.1 Embodied energy model for a built facility Buildings are constructed with a variety of building materials and products that have consumed energy throughout their stages of manufacture, use and end of life. These stages consist of processes such as raw material extraction, transport, manufacture, construction, installation, disassembly, demolition and disposal. Miller (2001) revealed that the term "embodied energy" has been interpreted in a variety of ways, and its published measurements are quite unclear.
The total energy embodied in a built facility over its life cycle (service life) is known as the life cycle embodied energy (LCEE). The total of life cycle embodied and operational energy is called the life cycle energy (LCE) of a built facility. Figure 1 illustrates the life cycle energy model for a built facility. The total energy embodied in a built facility consists of a direct energy (on-site and off-site construction processes) and an indirect energy (e.g. manufacturing energy of building materials and equipment) fraction (Ding, 2004; Fay and Treloar, 1998 ). The energy consumed in building material production, transportation, building assembly and construction is known as the initial embodied energy (IEE). The recurrent energy (REE) includes energy used in maintenance and replacement activities during the use phase of a built facility. At the end of its service life when a facility is demolished and its materials are transported for recycling, incineration or disposal to landfills, the total energy consumed is known as the demolition energy (DE) (Dixit et al., 2010) . The total life cycle embodied energy (LCEE) of a built facility is the sum of its initial, recurrent and demolition energy. The total life cycle energy (LCE) of a built facility includes LCEE and the operational energy (OE) that are consumed over its service life.
Problem of variations in embodied energy data
Existing studies of embodied energy analysis that performed energy calculations exhibit variation in embodied energy results owing to numerous factors (Ding, 2004; Plank, 2008) . The incompleteness, inaccuracy and non-representativeness of energy data are among the key data quality parameters that are responsible for the variation (Treloar, 1998; Khasreen et al., 2009; Dixit et al., 2010) . Among the main methodological parameters are system boundary definitions, embodied energy calculation methods and types of energy input (Treloar, 1998; Dixit et al., 2010) . The incompleteness of data stems from the use of secondary data (e.g. published data), which may not be complete (Menzies et al., 2007) . Lack of data, limitations of existing calculation methods and the subjective selection of the system boundary are primary reasons for data incompleteness (Menzies et al., 2007; Reap et al., 2008) . Most life cycle inventories of built facilities lack completeness and accuracy particularly if the data sources are secondary and are incomplete and erroneous (Khasreen et al., 2009; Reap et al., 2008) .
A system boundary determines the number and type of energy and material inputs that are included in the embodied energy calculation of a particular product (IFIAS, 1975; Reap et al., 2008; Peuportier, 2001) . The system boundaries differ across studies and their results are incomparable (Khasreen et al., 2009; Dixit et al., 2010) . The embodied energy calculation methods also cause variation in calculated embodied energy values. The process-based method, which takes into account each energy input one by one, is accurate but incomplete due to difficult data tracking. The input-output-based methods utilize the economic input-output data that is complete but is inaccurate due to the presence of proportionality and homogeneity assumptions (Treloar, 1998; Langston, 2006; Dixit et al., 2010) . Moreover, industry sectors in an input-output table are highly aggregated resulting in increased inaccuracy. Studies include energy types such as human energy, feedstock energy and renewable energy subjectively and their results differ considerably (Nassen et al., 2007; Langston and Langston, 2007) . Dixit et al. (2010) determined a standard deviation of 1.56 GJ/m2 and 5.4 GJ/m2 in published embodied energy values of residential and commercial facilities, respectively reported by Ding (2004) . Pears (1996) discussed that current embodied energy databases are inconsistent and show significant variability. Studies have also pointed out errors and variations in embodied energy figures. Pears (1996) determined that the differing information sources and inclusion of either primary or delivered energy could result in 30-40 percent variation in reported embodied energy figures. Lenzen (2000) calculated a possible truncation error in the conventional process analysis, which could be as high as 50 percent, depending upon the product and its manufacturing process under consideration. The incompleteness in the conventional process-based analysis could be as large as 20 percent (Treloar, 1997) . Pullen (2000b) asserted that process analysis does not include upstream processes (raw materials extraction and transportation) and some of the downstream processes (transporting finished products to construction sites) and, thus, its results vary.
Data sets that demonstrate variability cannot be compared and the goals of environmental labelling and low embodied energy material preference cannot be Recurrent embodied energy reached (Miller, 2001; Ding, 2004) . Pullen (2000c) discussed that there is a need to create environmental information (e.g. LCEE and LCE) that can be used by building professionals such as designers and facility managers for making informed decisions.
Recurrent embodied energy
The building's use phase includes the processes of building operation as well as maintenance, repair and replacement activities, which consume energy and resources. Energy used in these recurring maintenance and replacement activities is known as recurrent embodied energy (REE) (Cole, 1996; Ding, 2007) . According to Cole and Kernan (1996) , a building material or component that is fully replaced (replaced 100 percent) is covered under the category of replacement and any replacement less than 100 percent is covered under maintenance. Building materials and components do not hold the similar service life as the building and require one or more replacements over the building's service life (Cole, 1996; Chen et al., 2001; Winistorfer et al., 2005; Chau et al., 2007) . These maintenance and replacement activities require resources such as building materials and equipment and involve energy intensive construction processes (Utama and Gheewala, 2009 ). Each of these activities contributes to the recurrent embodied energy (Chen et al., 2001; Ding, 2007) .
Building components such as the envelope, finishes and the services, which may not possess a higher IEE, may require a significant REE (3.2 times the IEE over a 50-year service life) (Cole, 1996) . According to Chen et al. (2001) , if building services and systems are included in recurrent energy calculations, the REE values would increase due to a shorter life span of these components. Cole (1996) calculated that for a service life of 25, 50 and 100 years, these components contained a REE that was 1.3, 3.2 and 7.3 times their IEE respectively. REE over 60 years of a building's service life could represent at least 72 percent of its life cycle embodied energy (Pullen, 1999) . Pullen (2000a) calculated an annual REE as 1 percent of IEE that coincides well with the figures suggested by Adalberth (1997) and Treloar et al. (2000) . In a study of 15 houses in the Adelaide region of Australia, Pullen and Perkins (1995) found that the REE (for an 80 year service life) is within a range of 36-84 percent of IEE.
A replacement factor, which is the ratio of service life of a built facility to the average service life of a building material or a component, is important in determining the amount of REE (Chen et al., 2001; Chau et al., 2007) . Replacement of building components occur mainly due to functional and aesthetical reasons. End of service life of an associated component is also a primary reason for most replacements occurring in a building (Winistorfer et al., 2005) . Fashion is also seen as a main reason behind frequent replacements of building components such as furniture, fixtures and fittings (Treloar et al., 1999) . Table I presents the replacement factors for some of the building materials and components as determined by various studies.
Recurrent embodied energy and facilities management
Facilities management practices relate to the energy consumption in a built facility and thus are of environmental concerns. Energy consumption, pollution and resource consumption are primary aspects that relate to the environmental efficiency that affect sustainability, which greatly depends on the facilities management (Brown and Pitt, 2001 ). Brown and Pitt (2001) studied airport built facilities and concluded that for environmental efficiency of built facilities, embodied as well as operational energy are Elmualim et al., 2000) . According to Elmualim et al. (2000) , facility managers are involved in decisions relating to a facility's maintenance, routine major and minor repairs and the replacement process. Unfortunately there exists no proper training for facility managers and operators to deal with these issues that closely relate to building sustainability (Ehrlich et al., 2010) . Use of short service life and non-reusable materials that require rapid refurbishments increases the amount of energy embodied in the life cycle of a built facility (Davies, 2001) . A facility manager, due to extensive involvement in maintenance decisions, is the key person affecting an organization's continuity and success (Lavy and Shohet, 2010) . Moreover, decisions of material selection during a facility's maintenance and replacement phases are taken solely by a facility manager (Lavy and Dixit, 2012) . Hence, the involvement of a facility manager during a facility's design and construction phases becomes important from a recurrent energy perspective (Erdener, 2003; Lavy and Dixit, 2012) .
From the review of literature it is clear that the REE of a built facility over its service life, in most cases, could be equal to or more than its IEE (Ding, 2007) . It is therefore important to select materials and equipment that require minimum maintenance and replacement during a facility's design and use phase. In addition, there is a need to increase a building's service life so that the impact of its IEE can be distributed over a long span of time (Chen et al., 2001) . Although, an increased service life means more replacement and maintenance activities resulting in an increased REE (Chen et al., 2001) , its impact could be reduced by selecting low embodied energy and long service life materials. Facility managers deal routinely with material selection process during the maintenance and replacement phases of a facility and hence could help reduce the energy and environmental impacts by selecting low energy intensive materials.
Research purpose and methods
The main purpose of this paper is to investigate the relationship of a built facility's REE with its service life as well as with its life cycle embodied energy (LCEE). A built facility's REE may also hold a positive relationship with its total life cycle energy (LCE). This correlation is also examined in this paper. It is hypothesized that the REE is positively correlated with a building's service life, LCEE and LCE. This hypothesis, if found supported, could demonstrate that a building's REE has a major impact on its LCEE and LCE and facility managers who are primarily responsible for building maintenance and replacement activities have a potential for reducing the life cycle energy use in a built facility. In addition, the amount of variation in reported REE values is also determined and discussed.
A literature survey was performed to gather and analyze residential and commercial building case studies. The research method adopted is known as "Literature Based Discovery (LBD)" that was originally used for bio-medical science research. The LBD has been successfully applied to other fields also (Weeber et al., 2001; Dixit et al., 2010) . The case study buildings were in various locations around the globe and possess different construction types (e.g. concrete, steel, wood, brick etc.). Table II facility's service life, LCE and LCEE is illustrated by scatter graphs and is explained by providing correlation coefficients. In the correlational analysis, the total REE values (GJ/sq mt) were used. According to Taylor (1990) and Chan (2003) , a correlation coefficient (r) less than 0.3, more than 0.8 and more than 0.9 indicates a weak, strong and a very strong positive correlation respectively. Moreover, any correlation coefficient between 0.6 and 0.8 is considered moderate. In some case studies the service life was not mentioned and in such cases a 50-year service life was assumed. The variation in REE values is illustrated by radar diagrams.
Findings 4.1 Residential buildings
Referred residential facilities included a total of 64 single and multifamily structures located in Europe, Oceania and North America. The service life of the case study buildings ranged from 25-100 years with an average of 58 years. Most of the case study buildings were conventional residential structures, whereas some were energy efficient/green buildings. The materials used in energy efficient/green and conventional buildings may differ significantly. Therefore, the correlation of REE with service life, LCEE and LCE is illustrated collectively and individually by conventional and green building types. Moreover, these facilities were constructed with a variety of materials and hence, the amount of variations in the REE values is discussed and illustrated by construction types: wood frame/wood buildings and brick veneer/brick buildings. The wood frame/wood buildings are expected to have relatively lower REE than the brick veneer/brick buildings. Barnes and Rankin (1975) Ding (2007) Blanchard and Reppe (1998) Pullen ( (1996) Kernan (1996) Johnstone (2001) Cole and Kernan (1996) Kohler et al. (1997) Page ( Since the different geographic locations of the referred residential can also cause variations in embodied energy values due to differences in economy and technology, the amount of variation was also analyzed within the same geographic location. Figure 4 demonstrates the amount of variation in conventional and green wood 
Commercial buildings
The case studies that are referred in this section included 100 commercial facilities from Asia, Europe, Oceania and North America. The service lives of these facilities were in the range of 40-100 years with an average of 71 years. Most of the facilities were concrete construction with few involving steel and wood frames. Figure 12 illustrates the amount of variation in commercial facilities with concrete construction.
As discussed in the Residential Buildings section, the commercial facilities were also analyzed for the variation in REE values within the same geographic location. Figure 13 illustrates the amount of variation in the reported REE values of commercial facilities with different construction types in New Zealand. The REE values for concrete, wood and steel commercial facilities in New Zealand deferred with a standard deviation of 4.2, 4.2 and 4.81 MJ/m 2 -year respectively. Figures 14 and 15 demonstrate REE values for concrete commercial facilities in Canada and Australia. From these figures it is evident that embodied energy values differ even within the same geographic location for the same construction type.
The reported REE values demonstrated a strong correlation with the commercial facility's service life with r ¼ 0.82 and r 2 ¼ 0.67 (see Figure 16 ). Figure 16 illustrates the correlation of the total REE values with the LCEE values of the referred commercial facilities. From Figure 17 , it can be seen that the recurring energy embodied in commercial facilities was highly and positively correlated to the total LCEE. The total values of REE for commercial facilities were very strongly correlated to the facility's LCEE with r ¼ 0.98 
Discussion
The referred case studies were a combination of residential and commercial facilities. The annual REE requirements for the residential facilities vary from 8 to 213 Barnes and Rankin (1975) were the lowest among referred residential facilities. One reason for this may be the fixed percentage (0.9 percent of IEE) considered by the authors. Fay and Treloar (1998) calculated a higher (188-213 MJ/m 2 -year) REE value due to a wider system boundary that included maintenance and replacement requirements for not only the facility and its components but also the landscaping and major building appliances (stove, microwave oven, dishwasher, clothes washer and dryer, heater etc.). The REE values ranged from 1.7 to 470 MJ/m 2 -year for commercial facilities with an average REE value of 157 MJ/m 2 -year. The lower annual REE values (1.7-3.6 MJ/m 2 -year) calculated by Page (2006) are due to the fact that only exterior wall and roof paint were included under the maintenance and replacement works. The annual REE values reported by Langston and Langston (2007) were significantly higher (up to 470 MJ/m 2 -year) due to a wider system boundary to include the building, its components, services, fittings, site works and external services. They, like Fay and Treloar (1998) , also used the input/output-based hybrid method to calculate the energy embodied, which usually results in higher energy figures (Crawford et al., 2002) .
The residential facilities included single and multifamily structures that may not contain complex building systems (building components and equipment) requiring higher maintenance and replacement work. Commercial facilities on the other hand may involve building systems that may not only be complex but also be larger in size. Such systems may need a higher level of maintenance and replacement work (Scheuer et al., 2003) . This may be one of the reasons why the annual average REE values (per The reported annual REE values for commercial facilities showed a stronger correlation with service life than the residential facilities. One possible explanation for this may include the increased size and complexities of commercial facilities and their systems that may demand more maintenance and replacement work as the buildings grow older. Similarly, the reported figures of total REE were highly correlated to the LCEE in both the residential and commercial buildings. This fact reveals the significance of REE in the total energy embodied in a typical building over its entire lifetime. This fact coincides with the conclusions made by Cole (1996) according to whom the REE over a building's lifetime could easily surpass its IEE. The reported REE values were also found to be strongly correlated with the total energy embodied in a building's life cycle (LCE) in both the residential and commercial buildings. As one would expect, the operational energy reported by referred case studies showed a high correlation (r ¼ 0.97 and 0.99 for residential and commercial buildings respectively) to the total LCE. After comparing the correlation demonstrated by REE and operational energy to a building's total LCE, one can judge the significance of the building's REE.
The reported figures for REE for both the residential and commercial facilities demonstrated significant variations. The amount of energy embodied in recurring activities such as maintenance and replacement depends on the type of building, its location, type of interior and exterior materials, and type of construction and function of the built facility. The referred facilities included the use of a variety of materials, equipment and products in various components such as structure, envelope, finishes and services. In addition, the construction processes were also different due to the preference of a variety of materials and products. The variation in reported REE values was also analyzed by different construction types. The large variation within the same construction type may be due to the geographical differences in economy and technology of manufacture. To eliminate any differences due to the differing geographic locations, the REE values were analyzed by geographic locations also. Even within the same geographic location, REE values differed significantly. As mentioned in the literature section, there are methodological and data quality parameters that differ across studies and cause significant variations. The large variations found in REE values within the same location may be due to these parameters.
As suggested by literature (e.g. Plank, 2008) , the operational energy of a building is being reduced due to the emergence of energy efficient building equipment, high performance building components and improved building design (to include passive strategies for daylighting and space conditioning). It can be envisaged that the operational energy requirements would be reduced to a greater degree in the future. In such a case, the recurrent energy embodied in a built facility would greatly affect its total LCE. Since, operational as well as recurrent activities such as maintenance and replacement are among the primary responsibilities of facilities management professionals, the potential for a greater life cycle energy reduction lies with them.
Conclusions
A built facility consumes energy in two ways: in building operation (operational energy) and in its production, maintenance and demolition (collectively as embodied F 32,3/4 energy). Both the fractions of life cycle energy (embodied and operational) are important in significantly reducing the energy consumption by a facility. As suggested in the Review of Literature section, a life cycle perspective is needed while performing an energy assessment of a facility. Recurrent embodied energy (REE) is one important fraction of a facility's total embodied energy. Literature suggested that the REE is correlated to a built facility's service life and has a major impact on its LCE.
In this paper, a review of literature was performed to collect and analyze residential as well as commercial facilities to examine the relationship of REE with a building's service life. The relationship of the reported REE values to LCEE and LCE values was also examined. Moreover, the variability of annual REE values was determined and discussed. It was concluded that the annual REE values demonstrated a strong correlation to the building's service life. The correlation of REE values to LCEE and LCE was also high indicating the significance of REE in reducing the embodied energy consumption. The reported annual REE values showed large variations and hence, need attention before using them for embodied energy analysis.
The facilities management practices involve decisions that affect the operational as well as maintenance and replacement works occurring during the use phase of a built facility. The way facilities management professionals make decisions during these works can greatly affect the magnitude of recurring energy embodied in a built facility. The amount of REE can be reduced by preferring low embodied energy materials that have a long service life and require less maintenance. Facility managers should also be involved during a facility's pre-design, design and construction phases so that they can provide guidance on building material and equipment selection on the basis of their functional, energy and service life aspects.
